Introduction
The behavior of the particle-to-fluid (or vice-versa) heat or mass transfer rate in packed beds at low Peclet numbers has been a source of confusion iri the chemical engineering literature. The question is; "Does the transfer rate approach a steady value as the Peclet number decreases,or does it continually decrease with the Peclet number?" This can be rephrased by asking whether the Sherwood number reaches a constant value or decreases as the Peclet number is lowered. We shall demonstrate in this paper that both trends are possible depending upon how the Sherwood number is defined.
The experimental determination of transfer coefficients at low
Peclet ·numbers is vexing. The fluid leaving the bed is very near its saturation value in the transfered quantity. This creates a large uncertainty in the driving force at the exit of the bed which is used in defining the effective transfer coefficient. Free convection may also become an important effect. To overcome these difficulties, various workers have used diluted beds, transient, and frequency response methods to determine more accurately the lowPeclet-number behavior.
Since the Schmidt and Prandtl numbers for liquids are quite 3 . large [0(10 )], most low Peclet number data are found in gaseous systems. Furthermore, most workers have varied the Reynolds number only. The free conVection effects should be minimized in the gaseous systems.
The quantity of data for low Peclet numbers is understandably small. Table I There is, however, a definite trend in the Sherwood number (or equivalently, the Colburn j factor) with the Peclet number reported by the authors of Table I . The Sherwood number based on an averaged inlet and outlet concentration (or temperature) driving force across the bed (3, 6, 7, 9, 13, 25, 28, 31) seems to decrease with the Peclet number.
However, the film Sherwood number (10, 17, 21, 22, 23) seems to reach a constant as the Peclet number decreases. The film Sherwood number is calculated by parameter fitting the experimental data to the solution of the governing one-dimensional convective diffusion equation.
A concise definition of these two different Sherwood numbers
follows. We shall demonstrate that the distinction between these two numbers is small for large Peclet numbers but becomes important as the Peclet number approaches zero.
Definitions of the Mass-Transfer Coefficient
To be specific in our discussion, we shall speak in terms of the mass-transfer problem in a nonconsolidated packed bed. The results are applicable to the heat-transfer problem by the usual analogies.
We shall also limit our discussion to a single reaction at the particle surfaces. The rate of reaction is controlled by the reactant mass transfer from the fluid to the particle surface. It is also possible to define a film coefficient kf. This coefficient relates the local concentration driving force in the (2) bed to the local reaction rate. It is assumed for a given flowrate that kf does not vary throughout the bed. The term (kfc) appears as a sink term in the one-dimensional equation governing the concentration profile in the bed:
The dispersion coefficient E is a function of the flow regime.
In 
The boundary conditions used to solve equation 3 were those given by Wehner and Wilhelm's analysis (36) .
(Sii) Equation 4 shows how the experimentally accessible, and design useful, km can be corrected to give the film coefficient kf. For purely pedagogical purposes, assume kf is given by the WilsonGeankopolis correlation (34) . Neglecting free convection effects, the concentration field in the voids will satisfy the dimensionless convective-diffusion equation.
Equation 6 is subject to the following boundary conditions.
These boundary condition yield a well-posed problem when applied to equation 6 in the void volume.
Equation 7(iv) is a valid constraint placed on the solution.
An auxiliary condition can also be written for the far downstream concentration field.
= e -BL (8) Here BL is some unknown constant which must be determined as part of the solution. This parameter is directly related to the effective mass-transfer coefficient k as can be seen from equating equations' 
As expected, we see that the solution to the detailed convectivediffusion equation yields the effective coefficient directly. In the most general situation, SL will be a function of the velocity field, the parameters PeB and aL, and .the geometric functions
We want to consider the solution to equations 6 and 7 in the limit of zero Peclet number. This limiting process is singular in nature. There are regions in the bed where diffusion does not dominate the reactant transport and convection becomes important.
These regions will be located in the upstream and downstream "calming"
sections. There are precedents for this expected behavior in the literature. Acrivos and Taylor (1) analyzed a single reactive sphere in Stokes flow as the particle Peclet number approaches zero. They have shown that, near the sphere, diffusion controls the mass-transfer rate to the surface, but convection also becomes important far from the surface. Leal (15) has extended this analysis to a sphere in a simple shear field. Such work suggests that applying the asymptotic limit of PeB ~ 0 will require a singular perturbation approach. In the upstream and downstream outer region expansion, further simplifications are possible. Far from the perturbing effect of the reactor section, the concentration field will be approaching a constant value at each cross section of the bed, that is, the variation in the axial direction is small over a distance comparable to the size of a particle. Thus the one-dimensional (streamwise) description will suffice as a first-order approximation. The geometry is a second-order effect there. It is accounted for by the tortuosity factor in the effective diffusion coefficient. In the inner region of the expansion, however, the exact placement of the particles is important, and no geometrical simplifications can be made here.
By the above reasoning, the first-order solution in each region is governed by the following equations. 
Equation 10 is subje,ct to the boundary condition 7(i) and equation 12 to. 7(iv). Equation (11) is subject to equations 7(ii), 7(iii), and the matching condition imposed by merging the outer limit of the inner solution to, the inner limit of the outer solution. This is carried out in the upstream and downstream regions. This matching results in the following additional boundary conditions for equation (11) . Villadsen (18) .
From these results one concludes that the entry region for a packed bed should be in the order of a particle diameter for low
Peclet numbers, and a deep bed thus· will be one for which L >> d • This is true for any geometric arrangement of the voids in the bed.
This implies through equation 4 that the film coefficient approaches a constant in the same limit. These predicted trends agree with the available experimental data.
We have not been concerned in this paper with presenting numerical predictions for the film or effective mass-transfer coefficients at low Peclet numbers. However, several comments on some previous theoretical work along this line are in order.
To predict the transfer coefficients in a bed, it is necessary to introduce a microscopic model for the structure of the bed. The 
